Odor nuisance and sulfide corrosion in sewers carrying septic wastewater are accelerated at points of turbulence such as drops in manholes, but accurate methods or empirical expressions to evaluate the gas stripping rate at those particular sites are still missing. With the aim of improving the current knowledge on the influence of free-fall drops on the release of hydrogen sulfide gas, an experimental set-up was built allowing different free-fall drops heights and flows. Three types of experiments were carried out: reaeration tests without sulfide; sulfide oxidation tests; and hydrogen sulfide release tests. With the increase of the free-fall drop height or of the flow, a higher rate of air-to-water mass oxygen transfer was observed. Results regarding sulfide oxidation tests with reaeration through the free-fall have shown that the oxidation rate was correlated with flow. In the hydrogen sulfide release tests, the maximum concentration in the atmosphere reached 500 ppm. Results also showed that increasing the flow rate decreased the time at which the maximum concentrations in the atmosphere were observed. N. M. Matias (corresponding author)
INTRODUCTION
Flowing along sewer systems, wastewater undergoes physical, chemical and biological changes. For the past decades, awareness of the effects of such changes on the performance of sewer systems has been increasing. Hydrogen sulfide (H 2 S) concentration in the bulk water is acknowledged as one of the most relevant factors in understanding interactions between anaerobic wastewater, in-sewer atmosphere, odors, and corrosion of exposed materials. Hydrogen sulfide is one of the species of dissolved sulfides that, when in its gaseous form, may have important effects on urban infrastructures. These can be summarized as follows: building up of unpleasant odors; creation of toxic and potentially deadly atmospheres in confined areas; and corrosion of gravity sewers, manholes and pumping stations (Matos ) .
Emission of H 2 S to the sewer atmosphere is known to be related to turbulence, pH, temperature and wastewater constituents (Yongsiri ) . Several studies have addressed the production of H 2 S under free surface flow in gravity sewers (e.g., ASCE ; Hvitved-Jacobsen ) and the corresponding air-to-water mass transfer. Additionally, several formulae have been proposed for predicting emission rates along sewer reaches, namely by the USEPA () and Yongsiri et al. () . Nevertheless, little information is known about H 2 S emissions under highly turbulent conditions, which is one of the touchstones to understand and predict local odor and corrosion problems encountered at force main discharges, sewer drop structures and other similar sections. There seems to be a knowledge gap on the subject, as methods and expressions developed to evaluate H 2 S emissions under very turbulent conditions are still missing.
Recently, research on chemical and microbiological processes led to a clearer understanding of the transformations that occur inside sewer systems and there have been developments on the simulation of concrete corrosion and odor formation ( Following previous experiments carried out to study the effect of vertical drops in H 2 S gas emission rates, presented by Matias et al. () , an experimental approach was developed in order to further evaluate the influence of free-fall drops on the release of H 2 S gas. Different initial sulfide concentrations, drop heights and flows were tested. The aim of the work is to improve the current knowledge so that, in the future, an empirical approach for the prediction of H 2 S gas emission under specific highly turbulent conditions can be developed.
METHODS

Experimental set-up
An experimental set-up, shown in Figure 1 , was built in the laboratory. The structure is made of several PVC modules, with upstream and downstream tanks and a recirculation pump. The upstream tank was designed to steady the flow and minimize turbulence before the drop, allowing the simulation of a free-fall drop from a 100 mm diameter pipe into a manhole. The modular structure allows changes in the drop height from 0.3 to 1.2 m.
The downstream tank (1) is a parallelepipedic structure with dimensions of 0.26 × 0.26 × 0.30 m. At the tank bottom, a recirculation pump (2) was fixed including a valve and a flowmeter to regulate the flow rate. Regarding the upstream module (4), the water flows into the inner cylinder (A), from where it can only exit through the outer cylinder (B). On the bottom of B, there is a lateral circular hole (C) leading to a horizontal platform (D). Perpendicular to the flow a semi-circular weir (E) was installed, simulating a sewer drop.
Procedure and measurements
In order to determine the H 2 S release in free-fall drops, three types of experiments were carried out. More than 130 tests were performed between January and September of 2012. They can be grouped as follows.
• Type A -Reaeration tests under turbulent conditions and without sulfide: oxygen was removed and the air-to-water oxygen mass transfer analyzed until saturation was achieved. The aim was to determine the variation of air-to-water mass transfer of oxygen into the bulk water for different drop heights and flow conditions. In these tests no sulfides were present in the bulk water.
• Type B -Sulfide oxidation tests under turbulent conditions: verification of the sulfide oxidation rate in conditions of no H 2 S release (pH set to 11). Tests were performed until sulfide depletion. Since sulfide oxidation is pH dependent and that literature indicates that at pH ¼ 11 it reaches a maximum value (Chen & Morris ), these experiments were conducted in order to estimate an upper limit for the chemical oxidation in this set-up.
• Type C -Hydrogen sulfide release tests under turbulent conditions: analysis of H 2 S emission rates from the bulk water with pH set to 7. After quantifying the reaeration and the sulfide oxidation rates, and for the same experimental conditions, it was possible to estimate H 2 S emission rates (it was verified that, for these tests, H 2 S gas losses from the system were minimal).
Prior to the measurements, sodium sulfite (Na 2 SO 3 ) was added to react with the oxygen present in the water (with cobalt chloride as catalyst). Additionally, sodium sulfide (Na 2 S) was added in the downstream tank leading to initial sulfide concentrations of 1.0, 2.5 or 5.0 mg/l for type B tests and of 2.0, 5.0 or 10.0 mg/l for type C tests (corresponding to similar concentrations of HS À , due to the difference of the pH values). When necessary, calcium oxide (CaO) or hydrochloric acid (HCl) were added, respectively, to increase or to decrease the pH to values of 11 for type B and 7 for type C tests. For each test type, the sulfide concentration in the bulk water, the drop height and the flow rate varied as shown in Table 1 . The three types of tests were done at least twice for each set of flow, drop height and sulfide concentrations.
Continuous measurements of pH (range (R): 0 to 14 units, accuracy (A): ±0.2 units), redox potential (ORP, R: À999 to 999 mV, A: ±20 mV), dissolved oxygen (DO, R: 0 to 50 mg/l, A: ±0.20 mg/l), conductivity (Cond, R: 0 to 200 mS/cm, A: ±0.001 mS/cm) and temperature (T, R: À5 to 45 W C, A: ±0.15 W C) were made using an YSI 556 Multi-Probe System sensor. As the bisulfide ion absorbs light directly in the ultra-violet wavelengths (Sutherland-Stacey et al. ), an UV-VIS spectrometer was used to determine HS À concentration (spectro::lyser™, S::CAN, with measuring path of 5 mm, R: 0 to 12 mg/l, A: ±0.2 mg/l). Additionally, a gas detector (GFM130 GASDATA, R: 0 to 5,000 ppm, A: ±5 ppm) was installed in the wall of the structure in order to measure the H 2 S gas concentrations in the confined atmosphere.
Since some of the components present in the water, apart from HS À , may absorb light at a band near to 230 nm (absorption peak for bisulfide), standards were generated to calibrate the spectrometer (HS À concentrations of 0, 0.23, 0.45, 0.56, 1.12, 2.25 and 4.50 mg/l).
RESULTS AND DISCUSSION
General aspects
Temperature, pH, redox potential and conductivity were continuously measured. The minimum, maximum and average initial values as well as the average variation between the final and initial measurements for these parameters are shown in Table 2 .
Temperature tended to increase around 1 W C throughout the experiments. Type A tests took place during the winter period, from January to February 2012, type B tests were accomplished between March and July 2012 and type C during summer, in August and September 2012. One parameter that varied considerably during experiments was the ORP. In every test ORP started with negative values and increased between 262 and 378 mV on average, turning, in the case of type A tests, to positive values.
The tests were conducted with a constant tailwater depth of 0.27 m. This means that the average time needed for the bulk water (approximately 18 l) to complete the circuit was 3.4 and 1.7 min, respectively, for Q 1 (0.09 l/s) and Q 2 (0.18 l/s). The laboratory experiments led to the results presented in Figure 2 . In Figure 2 results for the three types of tests, for different drop heights, flows, initial sulfide concentrations and temperatures are presented in order to provide an insight on the observed variations.
Type A -Reaeration tests under turbulent conditions and without sulfide
Since DO saturation varies with temperature (Figure 2(a) ), all trials were normalized considering the corresponding saturation level. After analyzing all results the DO variation in time was found to vary according to drop height and flow, as presented in Figure 3 . The results agree with theory: with the increase of the free-fall drop height a higher rate of air-towater mass oxygen transfer was observed. Furthermore, for the same drop height and similar temperatures, the variation of DO concentration with time seems dependent on the flow (graph not shown). However it is important to note that the trials were not conducted at the same temperature.
Type B -Sulfide oxidation tests under turbulent conditions
For the oxidation tests, three initial bisulfide concentrations ([HS À ] i ) were analyzed for each set of flow (Q 1 ¼ 0.09 l/s and Q 2 ¼ 0.18 l/s) and drop height (H drop ¼ 0.3, 0.6, 0.9 and 1.2 m): [HS À ] i ¼ 1.0, 2.5 and 5.0 mg/l. In general, after 10 min, more than 75% of the initial bisulfide had already been oxidized. The bulk results obtained for the decrease of HS À concentration with time can be observed in Figure 2(b) .
Results obtained for a 0.9 m free-fall drop height are shown in Figure 4(a) . It is observed that the oxidation rate varies as the flow increases (since the number of drops per time and reaeration rate also increases), but not with the initial sulfide concentration in the bulk water. However, for the same initial sulfide concentration and flow, the influence of the drop height does not seem significant, as presented in Figure 4(b) .
Type C -H 2 S release tests under turbulent conditions
Experiments were made with pH set to 7 and total dissolved sulfide of [S D ] i ¼ 2.0, 5.0 and 10.0 mg/l so as to be comparable to the type B tests in terms of [HS À ] i . The H 2 S g in the atmosphere reached 500 ppm. The elapsed time until the maximum values in the gas phase were achieved varied, in each test, between 1.5 and 3.5 min. The full set of results obtained for the evolution of HS À concentration in the bulk water and H 2 S g on the gas phase are shown in Figures 2(c) and 2(d), respectively.
For almost all sets of flow and [HS À ] i , the maximum measured H 2 S g concentration in the confined atmosphere corresponded to the 0.6 m drop height. However, when taking into account the air volume of the structure and the volume withdrawn by the gas detector (500 ml/min), the total mass released from the bulk water (H 2 S rel ) was always higher for the 0.9 m drop height (Figures 5(a) and 5(b), where T always stands for the bulk water temperature). This is due to the fact that, by increasing the drop height, the volume of available air inside the structure also increases. For H drop ¼ 0.3 m, the volume was approximately 19.1 l and, for each intermediate module of 0.3 m, an additional 8.7 l were added, adding up to more than 45.1 l for a H drop ¼ 1.2 m.
The total amount of H 2 S released from the bulk water increased with the drop height. The values measured varied between 2 mg for [HS À ] i ¼ 1.0 mg/l and H drop ¼ 0.3 m for Q 2 (graph not shown) and 26 mg for [HS À ] i ¼ 5.0 mg/l and H drop ¼ 0.9 m for Q 2 (Figure 5(b) ). It should be mentioned that, in parallel to being released to the atmosphere, H 2 S was being oxidized in the bulk water, under turbulent conditions, which carries additional difficulties when interpreting the obtained results. For instance, when comparing the initial oxidation rate of [HS À ] from its upper limit in type B tests with the rates observed in type C tests ([HS À ] i ¼ 2.5 mg/l, Q 1 ), the rate increased 3.4 and 2.2 fold, i.e., from 10 to 34 mg/(l h) and from 26 to 56 mg/(l h), respectively for H drop ¼ 0.3 and 0.9 m. In addition, with the increase of the free-fall drop height, higher rates of air-to-water mass oxygen transfer were observed. In fact, reaeration varied with the free-fall drop height, which had direct impact on H 2 S oxidation rate.
The influence of flow on the amount of H 2 S released is illustrated in Figures 5(c) and 5(d). It was observed that for H drop ¼ 0.3 m increasing the flow rate leads to the decrease of the time at which the maximum gas concentration occurs. For a H drop ¼ 0.6 m and for higher initial HS À concentrations in the bulk water, not only the maximum H 2 S g concentration in the gas phase occurs sooner, but presents higher values.
Regarding HS À , it was verified that 5 min after the start of each trial nearly 80% of the initial bisulfide had already been oxidized. Similarly with the type B tests, the results obtained for the same initial concentration and flow showed no apparent influence of the drop height. HS À concentration decreased almost linearly with time (graph not shown). This decrease was due both to H 2 S release to the atmosphere and to oxidation in the bulk water.
CONCLUSIONS AND FUTURE WORK
The aim of this research was to improve the current knowledge concerning the influence of free-fall drops in the release of hydrogen sulfide. A physical model was built allowing different free-fall drops heights and flows for the circulating water. Relevant parameters and concentrations in the liquid and gas phases were monitored, including continuous measurements of bisulfide taken using a spectrophotometer.
Three types of experiments were carried out under turbulent conditions: reaeration tests without sulfides; sulfide oxidation tests without hydrogen sulfide release; and hydrogen sulfide release tests. Oxidation tests showed that more than 75% of the initial bisulfide was generally oxidized 10 min into each trial. In the hydrogen sulfide release tests, the time elapsed until maximum values in the gas phase were measured varied between 1.5 and 3.5 min.
The total amount of H 2 S released from the bulk water increased with the drop and varied between 2 mg ([HS À ] i ¼ 1.0 mg/l, H drop ¼ 0.3 m) and 26 mg ([HS À ] i ¼ 5.0 mg/l, H drop ¼ 0.9 m). Concerning the influence of flow in the amount of released H 2 S, results showed that increasing the flow rate leads to a decrease in the time at which the maximum values were observed. For higher H drop and [HS À ] i , not only the maximum H 2 S amounts in the gas phase occur sooner, but also reached higher values.
In a future work, currently being developed, relationships between H 2 S release and physical parameters will be established. A mass balance in the water phase is required in order to define the part of sulfide that is oxidized (results from the type B tests) and the part that is released. These results will then be compared with the H 2 S concentrations measured and the total amounts released from the solution.
For engineering purposes, the estimation of the amount of reaeration and hydrogen sulfide gas release under turbulent conditions will be especially useful to predict and control sewer corrosion rates and odor impacts, and to design effective measures aiming to reduce its effects.
